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Abstract

in the lung.

Background Pulmonary fibrosis (PF) is a progressive fibrosing interstitial pneumonia that leads to respiratory failure
and other complications, which is ultimately fatal. Mesenchymal stem cells (MSCs) transplant is a promising strategy
to solve this problem, while the procurement of MSCs from the patient for autotransplant remains a challenge.

Methods Here, we presented olfactory mucosa mesenchymal stem cells (OM-MSCs) from mouse turbinate
and determined the preventing efficacy of allotransplant for PF. We demonstrated the antiinflammation and
immunomodulatory effects of OM-MSCs. Flow cytometric analysis was used to verify the effect of OM-MSCs on
monocyte-derived macrophage populations in the lung.

Results Administration of OM-MSCs reduces inflammation, attenuates the matrix metallopeptidase 13 (MMP13)
expression level and restores the bleomycin (BLM)-induced pulmonary fibrosis by assessing the architecture of lung,
collagen type |; (COLTAT1), actin alpha 2, smooth muscle, aorta (ACTA2/a-SMA) and hydroxyproline. This therapeutic
effect of OM-MSCs was related to the increase in the ratio of nonclassical monocytes to proinflammatory monocytes

Conclusions This study suggests that transplant of OM-MSCs represents an effective and safe treatment for PF.
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Background

Pulmonary fibrosis (PF) is a chronic interstitial lung
disease characterized by a progressive and irrevers-
ible decline in lung function [1]. It is a serious threat to
human health because of its complex etiology and poor
clinical treatment effect [2]. Its clinical features include
shortness of breath, hypoxemia, radiographically obvious
lung infiltration and continuous accumulation of fibro-
sis [3]. However, due to delayed diagnosis of PF and the
occurrence of complications, its treatment outcomes and
prognosis remain grim [4, 5]. PF possesses intricate and
not yet completely comprehended pathogenesis, wherein
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the intricate interplay of genetic and environmental fac-
tors influences various cell types, mainly manifested
through epithelial-mesenchymal transition (EMT) and
proliferation of myofibroblasts [6—9]. Kinase inhibitors
targeting inflammatory signaling pathway, such as Nint-
edanib or Pirfenidone, may slow the progress of PF with
limited therapeutic effect [10]. There is currently no cure
for PFE. A lung transplant may be an option for some peo-
ple who have advanced PF [11].

Furthermore, the pathogenesis of PF has not been
fully elucidated. It is accepted that pulmonary fibrosis
is related to abnormal wound healing associated with
immune inflammatory injury. Its main pathological
changes include severe destruction of the alveolar struc-
ture, massive proliferation of fibroblasts, and extensive
extracellular matrix (ECM) deposition. Immune cells and
a number of chemokines, such as transforming growth
factor, beta 1 (TGFB1), platelet derived growth factor,
B polypeptide (PDGFB), tumor necrosis factor (TNF),
interleukin 1 beta (IL1B), etc., mediate these pathologi-
cal changes [12]. Studies by Zhang et al. suggested that
inflammation and cytokines promoted the development
of fibrosis, due to the accumulation of LY6C1" (lym-
phocyte antigen 6 complex, locus C1) macrophages.
The exacerbation of pulmonary fibrosis may be relieved
by reducing the inflammation state [13-15]. Instead of
lung transplant, which has complications of infection and
rejection of the new organ, cell transplant is optional in
clinical to avoid difficulty of organ procurement. Cell-
based therapies like mesenchymal stem cells (MSCs) and
other stem cells are studied, showing improved condi-
tions, however, the PF patients must take medicines for
the rest of life to reduce the risk of rejection. Recently,
reports from different groups showed that olfactory
mucosa mesenchymal stem cells (OM-MSCs) own the
characteristics of stem cells, maintain the stemness
through the whole life, and have beneficial effects for cur-
ing nervous system diseases [16—19]. These results along
with the advantage that OM-MSCs have the ability of in
vitro proliferation, prompt us to test whether the trans-
plant of OM-MSCs would relieve the PF.

Here, we studied the transplant of MSCs isolated from
mouse olfactory mucosa into a mouse model of bleo-
mycin (BLM)-induced pulmonary fibrosis to determine
whether the fibrosis could be relieved by OM-MSCs
transplant. To further explore the role of inflammation
in OM-MSCs transplant, we compared the inflamma-
tion status of mice transplanted with OM-MSCs and
non-transplanted with OM-MSCs, and demonstrated the
role of macrophages in OM-MSCs treated PF. The aim
of our study was to evaluate the therapeutic efficacy of
OM-MSCs in a model of bleomycin-induced pulmonary
fibrosis. Compared to mesenchymal stem cells derived
from adipose and bone marrow sources, OM-MSCs are
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easier to obtain and are ideally positioned for autologous
transplantation.

Methods

Ethics statement and animal handling

This study was approved by the ethical review board
at Xiangya hospital of Central South University (No.
2,017,121,175). All procedures for animal use were fol-
lowed with the guidelines of animal welfare set by the
World Organization for Animal Health and the Chinese
national guideline for animal experiments. The seven-
week-old C57BL/6 male mice, weighing about 20 g, were
purchased from SJA laboratory animal center (Changsha,
Hunan). The mice were maintained in an air-conditioned
animal facility under constant temperature and humidity
conditions.

Mouse OM-MSC preparation for allotransplantation
Olfactory mucosa was isolated from C57BL/6 male
mice (purchased from SJA Laboratory Animal Center,
Changsha, Hunan) for 3-4 weeks used for OM-MSC
collection as described previously [20]. After anesthesia
with 0.3% pentobarbital sodium (20 uL/g), mice were
decapitated and then we removed the skin, the lower
jaw and the bone covering the nasal cavity. Forceps were
used to separate the olfactory mucosa from the septum.
We transferred the olfactory mucosa to DMEM/F12-
filled petri dishes and removed the olfactory epithelium
under a microscope. The remaining lamina propria after
removal of the mucosal epithelium was then shredded
and transferred to medium filled with 0.5% collagenase II.
Following incubation of the pellet for 1 h, the cells were
resuspended by centrifugation and inoculated into petri
dishes containing 10% fetal bovine serum and DMEM/
F12 culture medium. Every three days, the medium was
replaced. Within a week, stem cells were visible crawling
out. Isolated OM-MSCs were stained with PE-conjugated
anti-CD73 (BD, 550,741), APC-conjugated anti-CD90
(R&D, FAB7335R) and anti-CD105 (BD, 562,761), FITC-
conjugated anti-CD31 (R&D, FAB3628G), anti-CD34
(BD, 560,238), and anti-CD45 (BD,553,079) after in vitro
culture expansion. We analyzed 10° events (BD, FACS
Canto II) per sample using FlowJo V10.5.3 software and
compared them with an isotype control in order to deter-
mine the cell gating. For transplantation, cells were sub-
cultured up to passage 3.

BLM-induced pulmonary fibrosis model

Mice were anesthetized and received a single endo-
tracheal dose of bleomycin (50 pL, 1 mg/kg of mouse
body weight; Nippon Kayaku Co.) diluted in phosphate-
buffered saline (PBS) to induce pulmonary fibrosis.
Seven-week-old male mice were randomly divided into
three groups (n=16 per group): (1) Control group: mice
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received an endotracheal dose of PBS (50 pL) instead of
BLM treatment; (2) BLM+PBS group: BLM-induced
mice without OM-MSCs treatment; (3) BLM+OM-
MSCs group: BLM-induced mice with OM-MSCs treat-
ment. OM-MSCs (5% 10° equivalents) were administered
by intravenous injection to the tail vein on the 5, 10, 15
days after BLM administration, and PBS was injected as
a negative control. On day 21, mice were sacrificed and
their lungs were scanned by pCT to evaluate the severity
of pulmonary fibrosis. The weights of mice were recorded
every other day after BLM treatment.

Fluorescence imaging

To examine the distribution of OM-MSCs after intrave-
nous, the OM-MSCs were labeled with the DiR Iodide
dye (Yeasen, Shanghai, China) for ex vivo fluorescence
imaging. In brief, cells were incubated with dye and
injected into mice through the tail vein (5x10° equiva-
lents). Control mice were treated with an equal volume
of solvent. Mice were sacrificed after 6 and 24 h for tis-
sue collection, and fluorescent signals in these tissues
were immediately detected by a fluorescence tomography
imaging system (FMT-4000; PerkinElmer, USA).

Histochemistry and immunohistochemical staining

After OM-MSCs treatment for 21 days, left lungs were
harvested, fixed with 4% paraformaldehyde, dehydrated
by graded ethanol, embedded in paraffin, and sliced
into 4-pm-thick sections. Lung structures were assessed
by H&E staining. Collagen deposition was determined
by Masson’s trichrome stain. Right lungs were frozen
at -80° for the isolation of RNA and proteins, and the
determination of hydroxyproline content. The modi-
fied Ashcroft score was used for quantitative histological
analysis by visual assessment of fibrotic changes induced
by BLM [21, 22]. Five fields within each lung section were
observed, and the score of fibrosis ranged from 0 (normal
lung) to 8 (total fibrous obliteration of the field). Scores
of 0-1 represented no fibrosis, scores of 2-3 represented
minimal fibrosis, scores of 4-5 were considered as mod-
erate fibrosis, and scores of 6-8 indicated severe fibrosis.
For Immunohistochemical staining, lung tissue sections
were dewaxed in xylene and rehydrated with ethanol of
different concentration gradients. Tissue sections were
incubated in 3% H,O, at room temperature to eliminate
endogenous peroxidase activity. Then the slides were
microwave-heated in 10 mM citrate buffer and blocked
with 10% goat serum for 60 min. Samples were then incu-
bated at 4 °C overnight with the recommended dilution
of the primary antibodies including anti-collagen I anti-
body (1:500, Abcam; ab21286), anti-ACTA2 antibody
(1:200, Abcam; ab32575), anti-MMP13 antibody (1:200
Bioworld; BS1231P), anti-TGFB1 antibody (1:200, ZEN-
BIOSCIENCE; 346,599) and anti-IL1B antibody (1:500,
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Abcam; ab9722). Samples were further incubated with
horseradish peroxidase- conjugated secondary antibod-
ies (1:300, Servicebio, gh23303) for 1 h. Observe the sam-
ples after color development with 3,3’-diaminobenzidine
(DAB).

Hydroxyproline content determination

The content of collagen in the lung is reflected by mea-
suring the content of hydroxyproline in the lung. Quan-
tify the content of hydroxyproline in lung tissue using a
commercial hydroxyproline assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to
the manufacturer’s protocol.

UCT analysis

Mice were killed and analyzed by high-resolution uCT
(VIVACT 80; SCANCO Medical AG, Switzerland). The
scanner was set to 45 kV and 177 pA at 11.4 pm reso-
lution. The data analysis software (CTAn v1.9 and Data
Viewer) was applied to analyze the acquired images.
Bony chest cage (sternum in the front, vertebrae in the
back and ribs on the sides) and trachea lumen (as a
small dark circle at the level of the neck and upper chest,
which bifurcates into the right and left main bronchi
then continues to branch into smaller and smaller bron-
chi.) were identified. The heart was in front of the chest
and the major blood vessels near the heart and in the
mediastinum.

RNA extraction and qRT-PCR analyses
Total RNA was extracted from mouse lung tissues using
the standard Trizol method (Takara, Beijing, China). For
gene expression analysis, synthesis of cDNA was per-
formed using GoScript™ Reverse Transcriptase accord-
ing to the manufacturer’s instruction (Promega, A5001).
Primers were synthesized in the Beijing Genomics Insti-
tute (Beijing, China). QRT-PCR amplification of indi-
cated genes was performed using GoTaq” qPCR Master
Mix (Promega, A6001) on an FTC-3000 real-time PCR
machine (funglyn biotech) with Gapdh as a normal-
ization control. After the initial denaturation (2 min
at 95°C), amplification was performed with 40 cycles
of 15 s at 95°C and 60 s at 60°C. The sequences of the
primers used for qPCR are listed below: m-Gapdh-F:
5-AGGTCGGTGTGAACGGATTTG-3;

m-Gapdh-R: 5-TGTAGACCATGTAGTTGAG-
GTCA-3;

m-Collal-F: 5-GCTCCTCTTAGGGGCCACT-3;

m-Collal-R: 5-CCACGTCTCACCATTGGGG-3;

m-Acta2-F: 5-GTCCCAGACATCAGGGAGTAA-3;

m-Acta2-R: 5-TCGGATACTTCAGCGTCAGGA-3;

m-Mmp13-F: 5-CTTCTTCTTGTTGAGCTG-
GACTC-3;

m-Mmpl3-R: 5’-CTGTGGAGGTCACTGTAGACT-3;
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m-Tgfbl-F: 5-TTGCTTCAGCTCCACAGAGA-3;
m-Tgfbl-R: 5-TGGTTGTAGAGGGCAAGGAC-3;

m-I/1b-F: 5-AAGGAGAACCAAGCAACGA-
CAAAA-3;

m-I/1b-R: 5-TGGGGAACTCTGCAGACT-
CAAACT-3.

Western blot

Total proteins from lung tissue were extracted with RIPA
lysate containing protease inhibitors (Cwbio, Jiangsu,
China) and their concentration was determined using a
BCA protein colorimetric assay kit (Elabscience, Wuhan,
China). A total of 25 pg protein from each sample was
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene difluoride (PVDF) membranes. After
blocking with 5% fat-free milk in TBST for 1 h at room
temperature, the membranes were incubated overnight
at 4 °C with the following primary antibodies: anti-col-
lagen I (1:250, Abcam; ab21286), anti-ACTA2 (1:1000,
ZEN-BIOSCIENCE; 380,909), anti-MMP13 (1:1000,
ZEN-BIOSCIENCE; 820,098), anti-TGFB1 (1:1000, ZEN-
BIOSCIENCE; 346,599) and anti-IL1B (1:5000, Abcam;
ab9722). B-Actin was used as an internal control. The
membranes were washed with TBST for three times and
then incubated with secondary antibodies (1:5000, Ser-
vicebio, gh23303), for 1 h at room temperature, and then
exposed to radiography film.

Flow cytometry

For flow cytometry, lungs were harvested on days 21.
Lungs were cut into small pieces and digested in 5 mL
of digestion buffer consisting of RPMI-1640 (Biological
Industries), collagenase IV (1.6 mg/mL, Worthington
Biochemical Corp), and DNasel (50 unit/mL, Worthing-
ton Biochemical Corp). Lungs were shaken at 37 °C
for 30 min, and RBCs were lysed using RBC lysis buf-
fer (Solarbio). Homogenized lung was passed through
a 70 pm cell strainer (Biologix) to obtain a single-cell
suspension. Cells were washed twice with cold PBS
and centrifuged at 300 g for 8 min at 4 ‘C. 1x10° cells
were resuspended in 100 pL of cold PBS per sample
and stained with APC-conjugated anti-LY6C1 (Thermo,
17-5932-82) and anti-CCR2 (Abcam, ab216863). Primary
antibody CCR2 further incubated with Cy3-conjugated
goat anti-rabbit secondary antibody (Abcam, ab97075).
One hundred thousand events per sample were collected
(BD, FACS Canto II), and data were analyzed with FlowJo
V10.5.3 software. Cell gating was based on the compari-
son with isotype control.

Statistical analysis
All statistical data were presented as mean+SD. Statis-
tical analyses were using GraphPad Prism 8 software.
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One-way ANOVA followed by Bonferroni post hoc
test was used to analyze multiple-group comparisons. *
P<0.05, * P<0.01, *** P<0.001, **** P<0.0001.

Results

Administration of OM-MSCs protects lungs from BLM-
induced pulmonary fibrosis

Cell surface markers were analyzed by flow cytometry
as described previously [20]. The immunophenotype of
OM-MSCs showed positive expression of CD73, CD90,
and CD105, and negative expression of CCD31, CD34
and CD45. To assess the effects of OM-MSCs on pul-
monary fibrosis, BLM-induced pulmonary fibrosis mice
were generated and treated with OM-MSCs by tail vein
injection on day 5, 10, and 15 after BLM administration.
Ex vivo fluorescence imaging at 6 and 24 h post-injection
showed a residency of OM-MSCs in the lung (Supple-
mentary file 1: Fig. S1). Pulmonary CT showed reticular
shadows, honeycomb changes and tractive bronchiecta-
sis in both lung, and consolidation images were exhib-
ited in BLM treatment group as revealed in transaxial
and coronal sections. This fibrotic lesion was relieved
by OM-MSC treatment (Fig. 1A-C). The BLM group
also exhibited obvious thickening of the alveolar wall,
and structural deformation of the lung parenchyma, and
these changes were strikingly alleviated after OM-MSCs
treatment, as revealed by hematoxylin and eosin (H&E)
staining (Fig. 1D). Consistently, upon OM-MSCs treat-
ment, BLM-induced mice showed decreased fibrosis by
Ashcroft score (Fig. 1E). Meanwhile, Masson’s trichrome
staining showed that the administration of OM-MSCs
significantly reduced the accumulation of collagen
(Fig. 1F-G). Furthermore, compared with the slow weight
gain of PF mice treated with BLM, the weight change of
the BLM+OM-MSC treatment group was approximately
the same as the wild type control, and both increased
steadily (Fig. S1). These phenomena indicate that OM-
MSC:s can effectively reduce the severity of BLM-induced
PF in mice.

Administration of OM-MSCs downregulates the expression
of fibrotic and inflammatory factors in BLM-induced PF
mouse model

To determine the effects of OM-MSCs on fibrosis and
inflammation in the BLM-induced lung fibrosis mouse
model, the expression levels of fibrotic factors and
inflammatory factors were determined. Immunohisto-
chemical staining results of two fibrotic factors, collagen
type I (COL1A1) and actin alpha 2, smooth muscle, aorta
(ACTA2/a-SMA), were obviously increased after BLM
treatment. These factors were markedly decreased after
OM-MSC transplant, indicating that collagen deposi-
tion in the lungs of the mice was obviously relieved by
OM-MSC transplantation (Fig. 2A-D). Furthermore,



Duan et al. BMC Pulmonary Medicine (2024) 24:14 Page 5 of 11
A WT+PBS BLM+PBS BLM+OM-MSCs B Transaxial C Coronal
*k * *k *
= 1.0=
% _ _
3 g £ s
= © =
g ° 5 067
3 % 0]
S ]
z Z 024
g
0.0-
(e}
—_
o ¢6 @6 e
O &P
S
&
D OM-M E G
P ;é% B ek x 100 kk kkx
|2 s ﬁ‘a ?
w : 2 6= € a0
T S S
® @ 60
g 4 g
S = 40
F 3 5 2
WT+PBS BLM+PBS BLM+OM-MSCs < 8 204
c [ 0~
(o]
2 o & &oe Q‘be QQ? x‘éﬁ
© LI &
= & & pé N & '0\“
0& Q,\’é

Fig. 1 Administration of OM-MSCs protects lungs from BLM-induced pulmonary fibrosis. (A). Representative uCT images show the lung architecture of
control mice or BLM-induced mice with or without OM-MSCs treatment. Scale bars: 5 mm. n=3 per group. (B-C) Ratio of normal lung tissue to total lung
tissue area of transaxial and coronal. (D-E) Representative images of HE staining and Ashcroft score. Scale bars: 200 um. n=5 per group. (F-G) Masson's
trichrome staining images of lung and quantification of the 10D for Masson-stained areas. Scale bars: 200 um. n=5 per group

the expression level of matrix metallopeptidase 13
(MMP13) which mediates matrix remodeling in vivo,
was significantly increased after BLM treatment, and
downregulated after OM-MSCs administration (Fig. 2E-
F), consistent with data that MMP13 was upregulated
in PF patients. Compensatory MMP13 expression is
to antagonize the collagen deposition and contributes
to the development of honeycomb cysts [23, 24]. In
addition, we evaluated the collagen accumulation by
measuring hydroxyproline, which is the main compo-
nent of collagen. Hydroxyproline significantly reduced
after OM-MSC treatment in BLM-induced PF mouse
model (Fig. 2G). The protein levels of COL1A1, ACTA2,
MMP13, as well as mRNA levels of Collal, Acta2,
Mmp13, were lower in BLM+OM-MSC treatment group
as compared with BLM treatment group (Fig. 2H-N).

Moreover, we determined the expression levels of
inflammatory factors. As reveled by immunohistochem-
istry images, western blot, and qRT-PCR, the levels of
TGFB1 and IL1B in the lungs were significantly upregu-
lated after BLM administration as compared with the
control group, but the expression levels of these inflam-
matory factors in the OM-MSC treatment group were
restored to levels similar to their normal conditions
(Fig. 3A-I). In summary, the transplant of OM-MSCs can
effectively inhibit up-regulated inflammatory factors and
the accumulation of collagen.

Administration of OM-MSCs modulates monocyte-derived
macrophage populations in the lung
To investigate the ways in which OM-MSCs affect the
above cytokine changes during pulmonary fibrosis, we
analyzed the changes in the immune cell population
in the lung, mainly infiltrating monocytes. Flow cyto-
metric analysis for proinflammatory classical mono-
cytes (LY6CI1M CCR2*cells) and nonclassical monocytes
(LY6C1'% CCR2 cells) revealed that the ratio of proin-
flammatory monocytes to nonclassical monocytes in the
lung increased after BLM-induced lung injury compared
with control mice, while the opposite results appeared
following OM-MSCs transplant, suggesting OM-MSCs
were able to alter the proportion of monocytes infiltrated
in the lung to alleviate inflammation and fibrosis (Fig. 4).
In conclusion, transplant of OM-MSCs may allevi-
ate the PF by increasing the pro-resolution macrophage,
inhibiting the inflammatory factors secretion, decreasing
the fibrotic factors (Fig. 5).

Discussion

Although most patients with PF exhibit a slow, progres-
sive course over several years, due to delayed diagnosis
and acute exacerbations caused by complications, sev-
eral retrospective longitudinal studies indicate that the
average life expectancy of these patients after diagno-
sis is reported to be 3-5 years [25-28]. It has been long
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Fig. 2 Administration of OM-MSCs downregulates the expression of fibrotic factors from BLM-induced pulmonary fibrosis. (A-B) Representative images
and quantification of COL1A1 staining of lung tissues from control mice or BLM-induced mice with or without OM-MSCs treatment. Scale bar: 200 mm.
n=4 per group. (C-D) Representative images and quantification of ACTA2 staining of lung tissues from control mice or BLM-induced mice with or without
OM-MSCs treatment. Scale bar: 200 mm. n=4 per group. (E-F) Representative images and quantification of MMP13 staining of lung tissues from control
mice or BLM-induced mice with or without OM-MSCs treatment. Scale bar: 200 mm. n=4 per group. (G) Measurement of hydroxyproline depositions
in lung tissue of control mice or BLM-induced mice with or without OM-MSC treatment. n=4 per group. (H-K) Representative western blot analysis and
quantification of COLTA1, MMP13, ACTA2. n=3 per group. Full-length blots/gels are presented in Supplementary file 2. (L-N) QPCR analysis of Collal,

Mmp13, Acta2. n=6 per group

appreciated that PF can be relieved by MSCs transplant.
However, the source of MSCs, and the underlying mech-
anism remains challenging. Our study provides the first
evidence that transplant of OM-MSCs can attenuate pul-
monary fibrosis and induce a pro-resolution phenotype
by increasing LY6C1'°" macrophages, inhibiting inflam-
mation, and enhancing degradation of ECM.

Although previous studies have reported the benefits of
MSCs transplant on PF [29]. But the source of MSCs lim-
its the application. Human umbilical cord blood MSCs
(UCB-MSCs) are not available for adults, BM-MSCs have
been found to be more antigenic, have lower proliferative
capacity, and have weaker paracrine potency when com-
pared to UBC-MSCs [30], MSCs factory production lost
many characteristics of the stem cells [31]. Since the limi-
tation of adult MSCs, allotransplant is carried out instead
of autologous transplant, however, the use of anti-rejec-
tion regimes has severe side effects for PF patients. It is
promising for PF treatment while we get over the obstacle
of procurement of enough autologous MSCs. Herein, we
reported that OM-MSCs are an optional source for PF,
which was first defined by Huard et al. (1998) and charac-
terized as CD73+CD90+CD105+CD34- CD45- CD31-
[32, 33]. It has the advantages of easy accession and high
versatility. Most importantly, OM-MSCs could be used
for autologous transplant and had beneficial effects for
the treatment of Parkinson’s disease, rheumatoid arthri-
tis and other autoimmune diseases [33—35]. Therefore,
OM-MSCs can maintain the features of MSCs, prolifer-
ate in vitro, providing enough number of OM-MSCs for
treatment of PF with simple surgical procedures and in
vitro expansion, without any harmful side effects on the
patients.

MSCs home to sites of injury, inhibit inflammation,
and contribute to epithelial tissue repair. Their use has
been suggested as a therapy for the treatment of PF [29].
However, the underlying mechanism of MSC treatment
of PF remains unknown. The mechanistic studies of PF
show that MSCs may inhibit the secretion of cytokines
[36]. Consistent with previous studies, our present work
demonstrated that OM-MSCs inhibit the secretion of
pro-inflammatory cytokines, enhance degradation of
ECM, increase LY6C1'®Y macrophages, which is a restor-
ative macrophage subpopulation switched from pro-
inflammatory LY6C1™ subset and crucial for remodeling
of fibrosis [13].

The limitation of our study is that the comparison of
effects between OM-MSCs and other PF regimes was
not evaluated. MSCs derived from umbilical cord, bone
marrow, and adipose tissue have all been used in stud-
ies investigating their impact on pulmonary fibrosis [37,
38]. However, our research demonstrates that OM-MSCs
exhibit significant therapeutic efficacy in a bleomycin-
induced pulmonary fibrosis model, and OM-MSCs are
more easily obtained and suitable for autologous trans-
plantation. The comparison of systemically (intravenous
(IV) or intraperitoneal (IP)) vs. intratracheal (IT) MSCs
administration was also another issue that we did not
measure. A comparison study found that intravenous
administration is more rapid and more effective in exert-
ing its effects compared to intratracheal administra-
tion [39]. In a pre-clinical study, results showed that IT
administration was more efficacious at reversing lung
fibrosis at a four-fold lower dose of MSCs [40]. In our
study, we have determined that allotransplant of OM-
MSCs (IV) is easily operated, appeared to be effective
and safe in the short-term; however, ongoing follow-up
of these subjects would be necessary before conclusions
regarding long-term safety could be made.

The range of pulmonary fibrotic diseases observed in
coronavirus infection, encompassing fibrosis linked to
organizing pneumonia to severe acute lung injury, lead-
ing to the development of extensive fibrotic changes [41].
Despite many patients surviving the acute phase of the
disease and possibly being discharged, a significant pro-
portion eventually succumb to progressive pulmonary
fibrosis [42]. The severe respiratory consequences of the
coronavirus disease 2019 (COVID-19) pandemic have
prompted urgent need for novel therapies for lung fibro-
sis to resolve the social problem as important as block-
ing coronavirus transmission. MSCs administration can
significantly reduce respiratory virus [43]. Autologous
transplant of OM-MSCs may benefit these patients with
pulmonary fibrosis. It is a promising and newly attractive
source of MSCs for fibrosis treatment.

Conclusions

Our study presented here demonstrate that transplant of
OM-MSCs can attenuate pulmonary fibrosis by inhibit-
ing inflammation and enhancing degradation of ECM,
which may be achieved by increasing LY6C1'°" macro-
phages in the lung. This result may provide a new avenue
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for the treatment of pulmonary fibrosis in the context of
coronavirus disease.

Abbreviations

ACTA2/a-SMA  actin, alpha 2, smooth muscle, aorta

BLM bleomycin

COL1A1 collagen, type |, alpha 1

ECM extensive extracellular matrix

IL1B interleukin 1 beta

LyeC1 lymphocyte antigen 6 complex, locus C1

MMP13 matrix metallopeptidase 13

MSCs mesenchymal stem cells

PF pulmonary fibrosis

TGFB1 transforming growth factor, beta 1

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512890-023-02834-5.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions

M.L. conceived the ideas. Z.Z.L. supervised the project, reviewed and edited
the manuscript. R.D. designed the experimental procedures, performed the
experiments, analyzed data, and prepared the draft manuscript. CG.H. and

X.W. performed the experiments. H.X. conceived the experiments, critically

reviewed the manuscript.

Funding

This work was supported by the grants from National Natural Science
Foundation of China [grant number 82172502, 81974127]; the Fundamental
Research Funds for the Central Universities of Central South University [grant
number 2020zzts859].

Data availability
The datasets obtained and analyzed for this study will be available from the
corresponding author at a reasonable request.

Declarations

Ethics approval and consent to participate
All procedures involving animal care in this study were reviewed and
approved by the Ethical Review Board at Xiangya Hospital of Central South


https://doi.org/10.1186/s12890-023-02834-5
https://doi.org/10.1186/s12890-023-02834-5

Duan et al. BMC Pulmonary Medicine

(2024) 24:14

University (No. 2017121175). All experiments on animals were conducted
in accordance with the relevant guidelines and regulations, and the study
complied with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 16 November 2023 / Accepted: 28 December 2023
Published online: 05 January 2024

References

1.

Richeldi L, Collard HR, Jones MG. Idiopathic Pulmonary Fibrosis. Lancet (Lon-
don England). 2017;389(10082):1941-52.

Liu Y-M, Nepali K, Liou J-P. Idiopathic Pulmonary Fibrosis: current status,
recent progress, and emerging targets. J Med Chem. 2017,60(2):527-53.
Plantier L, Cazes A, Dinh-Xuan A-T, Bancal C, Marchand-Adam S, Crestani

B. Physiology of the lung in Idiopathic Pulmonary Fibrosis. Eur Respir Rev.
2018;27(147).

Herberts MB, Teague TT, Thao V, Sangaralingham LR, Henk HJ, Hovde KT, et
al. Idiopathic Pulmonary Fibrosis in the United States: time to diagnosis and
treatment. BMC Pulm Med. 2023;23(1):281.

Lee JH, Park HJ, Kim S, Kim YJ, Kim HC. Epidemiology and comorbidities in
Idiopathic Pulmonary Fibrosis: a nationwide cohort study. BMC Pulm Med.
2023;23(1):54.

Baratella E, Ruaro B, Giudici F, Wade B, Santagiuliana M, Salton F et al. Evalua-
tion of correlations between genetic variants and high-resolution computed
tomography patterns in Idiopathic Pulmonary Fibrosis. Diagnostics (Basel).
2021;11(5).

Ruaro B, Salton F, Braga L, Wade B, Confalonieri P, Volpe MC et al. The history
and mystery of alveolar epithelial type Il cells: focus on their physiologic and
pathologic role in lung. Int J Mol Sci. 2021;22(5).

Confalonieri P, Volpe MC, Jacob J, Maiocchi S, Salton F, Ruaro B et al. Regen-
eration or repair? The role of alveolar epithelial cells in the pathogenesis of
Idiopathic Pulmonary Fibrosis (IPF). Cells. 2022;11(13).

Savin 1A, Zenkova MA, Sen'kova AV. Pulmonary fibrosis as a result of Acute
Lung inflammation: Molecular mechanisms, relevant in vivo models, prog-
nostic and therapeutic approaches. Int J Mol Sci. 2022;23(23).

Martinez FJ, Collard HR, Pardo A, Raghu G, Richeldi L, Selman M, et al. Idio-
pathic Pulmonary Fibrosis. Nat Reviews Disease Primers. 2017,3:17074.
SomogyiV, Chaudhuri N, Torrisi SE, Kahn N, Miller V, Kreuter M. The therapy
of Idiopathic Pulmonary Fibrosis: what is next? Eur Respir Rev. 2019;28(153).
Sgalla G, lovene B, Calvello M, Ori M, Varone F, Richeldi L. Idiopathic Pulmo-
nary Fibrosis: pathogenesis and management. Respir Res. 2018;19(1):32.
Pellicoro A, Ramachandran P, Iredale JP, Fallowfield JA. Liver fibrosis and
repair: immune regulation of wound healing in a solid organ. Nat Rev Immu-
nol. 2014;14(3):181-94.

Mansouri N, Willis GR, Fernandez-Gonzalez A, Reis M, Nassiri S, Mitsialis SA et
al. Mesenchymal stromal cell exosomes prevent and revert experimental pul-
monary fibrosis through modulation of monocyte phenotypes. JCl Insight.
2019:4(21).

Joshi N, Watanabe S, Verma R, Jablonski RP, Chen C-I, Cheresh P et al. A spa-
tially restricted fibrotic niche in pulmonary fibrosis is sustained by M-CSF/M-
CSFR signalling in monocyte-derived alveolar macrophages. Eur Respir J.
2020;55(1).

Huang Y, Tan F, Zhuo'Y, Liu J, He J, Duan D et al. Hypoxia-preconditioned
olfactory mucosa mesenchymal stem cells abolish cerebral ischemia/reperfu-
sion-induced pyroptosis and apoptotic death of microglial cells by activating
HIF-1a. Aging (Albany NY). 2020;12.

Lindsay SL, Barnett SC. Are nestin-positive mesenchymal stromal cells a bet-
ter source of cells for CNS repair? Neurochem Int. 2017;106:101-7.

Lindsay SL, Johnstone SA, McGrath MA, Mallinson D, Barnett SC. Comparative
miRNA-Based fingerprinting reveals Biological differences in human olfactory
mucosa- and bone-marrow-derived mesenchymal stromal cells. Stem Cell
Reports. 2016,6(5):729-42.

Lindsay SL, Toft A, Griffin J, Emraja MM, Barnett A, Riddell SC. Human
olfactory mesenchymal stromal cell transplants promote remyelination

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10 of 11

and earlier improvement in gait co-ordination after spinal cord injury. Glia.
2017,65(4):639-56.

Hong CG, Chen ML, Duan R, Wang X, Pang ZL, Ge LT et al. Transplantation

of Nasal Olfactory Mucosa Mesenchymal Stem Cells Benefits Alzheimer’s
Disease. Mol Neurobiol. 2022.

Hlbner R-H, Gitter W, El Mokhtari NE, Mathiak M, Both M, Bolte H et al.
Standardized quantification of pulmonary fibrosis in histological samples.
Biotechniques. 2008;44(4).

Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating severity of
pulmonary fibrosis on a numerical scale. J Clin Pathol. 1988;41(4):467-70.
Todd JL, Vinisko R, Liu Y, Neely ML, Overton R, Flaherty KR, et al. Circulating
matrix metalloproteinases and tissue metalloproteinase inhibitors in patients
with Idiopathic Pulmonary Fibrosis in the multicenter IPF-PRO Registry
cohort. BMC Pulm Med. 2020;20(1):64.

Nkyimbeng T, Ruppert C, Shiomi T, Dahal B, Lang G, Seeger W, et al. Pivotal
role of matrix metalloproteinase 13 in extracellular matrix turnover in Idio-
pathic Pulmonary Fibrosis. PLoS ONE. 2013;8(9):e73279.

King TE, Pardo A, Selman M. Idiopathic Pulmonary Fibrosis. Lancet (London
England). 2011;378(9807):1949-61.

Kropski JA, Blackwell TS. Progress in understanding and treating Idiopathic
Pulmonary Fibrosis. Annu Rev Med. 2019;70:211-24.

Rudd RM, Prescott RJ, Chalmers JC, Johnston ID, Fibrosing Alveolitis Subcom-
mittee of the Research Committee of the British Thoracic S. British thoracic
society study on cryptogenic fibrosing alveolitis: response to treatment and
survival. Thorax. 2007;62(1):62-6.

King TE Jr, Schwarz MI, Brown K, Tooze JA, Colby TV, Waldron JA Jr, et al.
Idiopathic Pulmonary Fibrosis: relationship between histopathologic features
and mortality. Am J Respir Crit Care Med. 2001;164(6):1025-32.

Toonkel RL, Hare JM, Matthay MA, Glassberg MK. Mesenchymal stem cells
and Idiopathic Pulmonary Fibrosis. Potential for clinical testing. Am J Respir
Crit Care Med. 2013;188(2):133-40.

Amable PR, Teixeira MVT, Carias RBV, Granjeiro JM, Borojevic R. Protein synthe-
sis and secretion in human mesenchymal cells derived from bone marrow,
adipose tissue and Wharton's jelly. Stem Cell Res Ther. 2014;5(2):53.

Simones AA, Beisang DJ, Panoskaltsis-Mortari A, Roberts KD. Mesenchymal
stem cells in the pathogenesis and treatment of bronchopulmonary dyspla-
sia: a clinical review. Pediatr Res. 2018;83(1-2):308-17.

Huard JM, Youngentob SL, Goldstein BJ, Luskin MB, Schwob JE. Adult olfac-
tory epithelium contains multipotent progenitors that give rise to neurons
and non-neural cells. J Comp Neurol. 1998;400(4):469-86.

Ge L, Jiang M, Duan D, Wang Z, Qi L, Teng X, et al. Secretome of olfactory
mucosa mesenchymal stem cell, a multiple potential stem cell. Stem Cells Int.
2016;2016:1243659.

Delorme B, Nivet E, Gaillard J, Hdup! T, Ringe J, Deveze A, et al. The human
nose harbors a niche of olfactory ectomesenchymal stem cells displaying
neurogenic and osteogenic properties. Stem Cells Dev. 2010;19(6):853-66.
Rui K, Zhang Z, Tian J, Lin X, Wang X, Ma J, et al. Olfactory ecto-mesenchymal
stem cells possess immunoregulatory function and suppress autoimmune
arthritis. Cell Mol Immunol. 2016;13(3):401-8.

Abreu SC, Antunes MA, Pelosi P Morales MM, Rocco PRM. Mechanisms of cel-
lular therapy in Respiratory Diseases. Intensive Care Med. 2011;37(9):1421-31.
Moradi M, Rezaee MA, Mohammadi M, Rezaie MJ, Jalili A, Rahmani MR.
Attenuating effect of long-term culture of umbilical cord vein mesenchymal
stromal cells on pulmonary fibrosis in C57BL/6 mice. Iran J Allergy Asthma
Immunol. 2017;16(6):501-10.

Chen S, Cui G, Peng C, Lavin MF, Sun X, Zhang E, et al. Transplantation of
adipose-derived mesenchymal stem cells attenuates pulmonary fibrosis of
silicosis via anti-inflammatory and anti-apoptosis effects in rats. Stem Cell Res
Ther.2018;9(1):110.

Choi SM, Mo Y, Bang JY, Ko YG, Ahn YH, Kim HY, et al. Classical monocyte-
derived macrophages as therapeutic targets of umbilical cord mesenchymal
stem cells: comparison of intratracheal and intravenous administration in a
mouse model of pulmonary fibrosis. Respir Res. 2023,24(1):68.

Chang YS, Oh W, Choi SJ, Sung DK, Kim SY, Choi EY, et al. Human umbilical
cord blood-derived mesenchymal stem cells attenuate hyperoxia-induced
lung injury in neonatal rats. Cell Transpl. 2009;18(8):869-86.

Tanni SE, Fabro AT, de Albuquerque A, Ferreira EVM, Verrastro CGY, Sawamura
MVY, et al. Pulmonary fibrosis secondary to COVID-19: a narrative review.
Expert Rev Respir Med. 2021;15(6):791-803.

George PM, Wells AU, Jenkins RG. Pulmonary fibrosis and COVID-19: the
potential role for antifibrotic therapy. Lancet Respir Med. 2020;8(8):807-15.



Duan et al. BMC Pulmonary Medicine (2024) 24:14

43, Khoury M, Cuenca J, Cruz FF, Figueroa FE, Rocco PRM, Weiss DJ. Current status
of cell-based therapies for respiratory virus Infections: applicability to COVID-
19. Eur Respir J. 2020;55(6).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11



	﻿Olfactory mucosa mesenchymal stem cells alleviate pulmonary fibrosis via the immunomodulation and reduction of inflammation
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Ethics statement and animal handling
	﻿Mouse OM-MSC preparation for allotransplantation
	﻿BLM-induced pulmonary fibrosis model
	﻿Fluorescence imaging
	﻿Histochemistry and immunohistochemical staining
	﻿Hydroxyproline content determination
	﻿µCT analysis
	﻿RNA extraction and qRT-PCR analyses
	﻿Western blot
	﻿Flow cytometry
	﻿Statistical analysis

	﻿Results
	﻿Administration of OM-MSCs protects lungs from BLM-induced pulmonary fibrosis
	﻿Administration of OM-MSCs downregulates the expression of fibrotic and inflammatory factors in BLM-induced PF mouse model
	﻿Administration of OM-MSCs modulates monocyte-derived macrophage populations in the lung

	﻿Discussion
	﻿Conclusions
	﻿References


